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Abstract 37 

The skin and its microbiome function to protect the host from pathogen colonization and 38 

environmental stressors. In this study, using the Wisconsin Miniature Swine™ model, we 39 

characterize the porcine skin fungal and bacterial microbiomes, identify bacterial isolates 40 

displaying antifungal activity, and use whole-genome sequencing to identify biosynthetic gene 41 

clusters encoding for secondary metabolites that may be responsible for the antagonistic effects 42 

on fungi. Through this comprehensive approach of paired microbiome sequencing with 43 

culturomics, we report the discovery of novel species of Corynebacterium and Rothia. Further, 44 

this study represents the first comprehensive evaluation of the porcine skin mycobiome and the 45 

evaluation of bacterial-fungal interactions on this surface. Several diverse bacterial isolates 46 

exhibit potent antifungal properties against fungal pathogens in vitro. Genomic analysis of 47 

inhibitory species revealed a diverse repertoire of uncharacterized biosynthetic gene clusters 48 

suggesting a reservoir of novel chemical and biological diversity. Collectively, the porcine skin 49 

microbiome represents a potential unique source of novel antifungals. 50 

 51 

Keywords 52 
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 54 

Highlights 55 

• Porcine skin bacterial communities are consistent with previous reports on porcine and 56 

human skin.  57 

• Fungal community composition resembles mycobiomes from other mammalian skin, but 58 

not human skin.  59 

• Bacteria isolated from porcine skin have antimicrobial and particularly strong antifungal 60 

activity in vitro.  61 

• Discovered three new Corynebacterium species and one new Rothia species.  62 

 63 

 64 

1. Introduction 65 

In 2019, an estimated 4.95 million people died globally due to complications of antimicrobial 66 

resistant infections (Murray et al., 2022). An additional 2 million annual deaths are attributed to 67 

fungal pathogens (McDermott, 2022). Many of these pathogenic fungi have developed 68 

resistance to at least one class of antifungals, making the need for novel antifungals even more 69 

dire. In recent years there has been increased attention to exploring naturally occurring 70 

competition between microbes within animal microbiomes to spur the discovery of novel 71 

antimicrobials (Cruz et al., 2022; Miethke et al., 2021). Due to the high similarity to human skin 72 

and overlap of the skin microbiome, we sought to characterize the bacterial and fungal 73 

communities of porcine skin. Using a combination of high-throughput sequencing and 74 

culturomics based approaches, we then evaluated bacterial isolates for antimicrobial activity 75 

against human pathogens, including a phylogenetically diverse panel of fungal species. Insights 76 

into antagonistic interactions within the porcine skin microbiome support the development of 77 

next-generation antimicrobial therapeutics.   78 

 79 

Porcine and human skin are highly similar in structure (Summerfield et al., 2015). Both have 80 

thick epidermal and dermal layers that are firmly attached to the underlying subcutaneous 81 

connective tissue and sparse hair (Summerfield et al., 2015). These features make pigs a great 82 

corollary model for studying human skin function and wound healing. Pig and human skin 83 

bacterial community compositions are highly similar at the phyla and genera levels (Wareham-84 

Mathiassen et al., 2023). At the phyla level skin communities are dominated by Bacillota, 85 

Bacteroidota, Actinomycetota, and Pseudomonadota and 97% of the genera are shared. 86 
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However, key differences exist in the specific bacterial species that reside on human versus 87 

porcine skin (Wareham-Mathiassen et al., 2023). These subtle species-level differences may 88 

provide untapped resources for identifying microbial-microbial interactions and characterizing 89 

the molecules that drive them. Moreover, the fungal communities within the pig skin microbiome 90 

and their interactions with the surrounding bacteria have yet to be characterized.  91 

 92 

Biosynthetic gene clusters (BGCs) are grouped genes within a genome that encode the 93 

biosynthesis of secondary metabolites, which often benefit the microorganism and sometimes 94 

the host (Medema et al., 2015; Xia et al., 2022). Production of these secondary metabolites can 95 

serve to maintain their niche within microbiomes through securing nutrients and inhibiting the 96 

growth of potential competitors or pathogens. For example, microorganisms within porcine gut 97 

microbial communities utilize BGCs that inhibit the growth of gastrointestinal pathogens, which 98 

ultimately helps maintain community homeostasis and benefits the host (Wang et al., 2023). 99 

However, the BGCs within the porcine skin microbiome and the metabolites they produce have 100 

yet to be explored. By characterizing these BGCs, we aim to discover novel antimicrobials for 101 

use against prominent and emerging pathogens. 102 

 103 

This work aims to characterize the bacterial and fungal communities on porcine skin and then 104 

identify isolates for potential antimicrobial activity against human pathogens. This was 105 

accomplished by high-throughput sequencing of the bacterial 16S rRNA gene and fungal 106 

internal transcribed spacer 1 (ITS1) in microbiome samples collected from Wisconsin Miniature 107 

Swine™ (WMS™). Each sample was also processed to maximize the diversity of isolates 108 

cultured. Isolates were then evaluated for in vitro activity antimicrobial against a panel of human 109 

bacterial and fungal pathogens, and their BGCs were explored for predicted antimicrobial 110 

activity based on whole genome sequences. Here we present i) characterization of the bacterial 111 

and fungal communities of the porcine skin and feces; ii) identification of bacteria able to inhibit 112 

the growth of human pathogens through secreted metabolites; iii) identification of novel species 113 

of Corynebacterium and Rothia; and iv) genomic characterization of BGCs predicted to have 114 

antifungal activity. To our knowledge, this is the first study to characterize the mycobiome and 115 

investigate BGCs encoding for antimicrobials within the porcine skin microbiome.  116 

 117 

 118 

2. Methods 119 

2.1 Sample collection 120 

Samples were collected from two 6-8 month old male WMS™ pigs bred and maintained at the 121 

University of Wisconsin - Madison. Swabs for microbiome analysis were collected at five time 122 

points over two weeks. Swabs from the dorsal and ventral skin regions were collected after 123 

saturating in sterile 1X phosphate-buffered saline (PBS). The dorsal swabs were taken from the 124 

paraspinal, caudal region, while the ventral swabs were collected from the abdomen close to the 125 

midline. Fecal swabs were collected by inserting a sterile swab 1.0-1.5 inches through the rectal 126 

sphincter and gently rotating. The swabs for DNA extraction were stored at -20°C, prior to being 127 

sent to the UW Biotechnology Center for processing. Samples for the culturing and isolation of 128 

microbiota were also collected from each animal from six body sites, including the dorsal and 129 

paraspinal skin, the ventral abdomen (close to midline), and the inguinal, the axilla, oral, and 130 

nares regions. All swabs for microbial culture were stored at 4°C for up to 4 hours before being 131 

processed. 132 

 133 

2.2 DNA extraction, library construction, sequencing 134 

DNA extraction on samples collected from the dorsal skin, ventral skin, and feces was 135 

performed by the UW Biotechnology Center following the protocol for the DNAeasy 96 136 

PowerSoil Pro QIAcube HT Kit (Qiagen, Hilden, Germany).  Bacterial 16S rRNA gene amplicon 137 
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libraries targeting the V3-V4 region or the fungal nuclear ribosomal internal transcribed spacer 138 

(ITS) regions ITS1-ITS2 were constructed using a dual-indexing method and sequenced on a 139 

MiSeq platform with a 2x300 bp run format (Illumina, San Diego, CA) at the University of 140 

Wisconsin – Madison Biotechnology Center. Air swabs taken roughly two to three feet from the 141 

pig served as the negative controls. ZymoBiomics Microbial Community Standard (Zymo 142 

Research, Irvine, CA) served as a positive control.  143 

 144 

2.3 Culturing and bacterial isolation 145 

Culture swabs were diluted to 1x10-1 in 1X PBS and 100µl was plated on Tryptic Soy Agar 146 

(TSA) with 5% sheep blood (BBL, Sparks, MD), brain heart infusion (BHI) agar (Millipore Sigma, 147 

Darmstadt, Germany), and BHI agar with 10% Tween 80 (VWR, Radnor, PA). Plates were 148 

incubated at 35°C overnight. To isolate culturable bacteria, colonies with distinct morphology 149 

were isolated on the respective plates the colony grew on, incubated at 35°C overnight. Isolated 150 

colonies were grown in BHI with 10% Tween 80 broth overnight at 35°C in a shaking incubator. 151 

To identify each bacterial isolate, a small portion was used for polymerase chain reaction (PCR) 152 

amplification and Sanger sequencing. The remaining isolate liquid culture was stored in 10% 153 

glycerol at -80°C.  154 

 155 

2.4 Colony polymerase chain reaction and isolate identification 156 

To create a PCR master mix for each isolate that was undergoing PCR, 12.5 µL of EconoTaq 157 

PLUS green 2X Master Mix (VWR, Radnor, PA), 1 µL of 10 µM 16S 8F primer, 1 µL of 10 µM 158 

16S 1492R primer, and 10 µL PCR grade nuclease-free water (VWR, Radnor, PA) were 159 

combined. An aliquot (24.5 µL) of the master mix was added to all wells of a 96-well PCR plate 160 

(VWR, Radnor, PA). Then, 0.5 µL of overnight liquid culture was added to one well and 161 

repeated for each liquid culture. PCR was performed using a Veriti 96-Well Fast Thermal Cycler 162 

with the following parameters set: initial denaturation at 95°C for 10 minutes, 35 cycles of 163 

denaturing at 95°C for 30 seconds, annealing for 54°C for 30 seconds, and extension at 72°C 164 

for one minute, ending with a final extension at 72°C for five minutes. The plates were sent to 165 

the UW Biotechnology Center for Sanger sequencing of the bacterial 16S rRNA gene using the 166 

standard 27F primer on a 3730xl Genetic Analyzer. 167 

 168 

2.5 Bioassays 169 

All bacterial isolates were grown on BHI with 10% Tween 80 agar from glycerol stocks stored at 170 

-80°C. After growing at 37°C overnight, a single colony was picked and inoculated in 3 mL BHI 171 

with 10% Tween 80 broth to grow in a shaking incubator at 37°C overnight. Bacterial and fungal 172 

pathogens were grown under the same conditions. 24-well plates were filled with 1.5 mL basic 173 

media (BM) agar. Five µL of one bacterial isolate liquid culture was swabbed on the left side of 174 

each well in the plate. This was repeated for each isolate. The plates were incubated at 37°C 175 

until half the well was filled with the target isolate. The overnight pathogen liquid cultures were 176 

diluted 1:10 with 1X PBS. Three µL of one diluted pathogen liquid culture was pipetted to the 177 

right half or culture-free side of each experimental plate in one well. This was repeated for each 178 

pathogen in a well uninoculated by another pathogen. A 24-well plate with BM agar was 179 

inoculated with diluted pathogen liquid culture to serve as a control plate to compare to the 180 

experimental plates. The plates were incubated again for up to four days at 37°C to allow the 181 

pathogens to grow which was assessed by checking if the control plate fully grew. The ability of 182 

the skin bacterial isolates to inhibit the growth of the pathogens was assessed by a 0-3 scoring 183 

system: 0 – no inhibition; 1 – slowed or reduced growth; 2 –inhibition of the pathogen in a semi-184 

circle pattern; 3 – total inhibition of the pathogen. Refer to (Fig. S1) for an example of the 185 

scoring system and infographic on the bioassay protocol. 186 

 187 

2.6 DNA extraction and whole genome sequencing 188 
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Twenty-five bacterial isolates were selected for whole genome sequencing. BHI with 10% 189 

Tween80 agar plates was used to streak out the desired bacteria for DNA extraction from the 190 

freezer stock stored in 10% glycerol at -80°C. Cells were harvested directly from the plate and 191 

suspended in 300µL 1X PBS. DNA extraction was performed as described by the GenElute 192 

Bacterial Genomic DNA Kit (Sigma-Aldrich, Darmstadt, Germany) using the kit’s columns and 193 

reagents following the protocol for Gram-positive bacteria for all samples. The concentration of 194 

DNA was measured utilizing the Qubit 4 Fluorometer (ThermoFisher Scientific, Waltham, MA) 195 

and accompanying protocol for dsDNA with high sensitivity. Collection tubes were stored at -196 

20°C until sent for sequencing. Extracted DNA concentrations measuring above 3.3 ng/µL were 197 

sent to SeqCoast Genomics (Portsmouth, NH, USA) to perform short-read whole genome 198 

sequencing. 199 

 200 

2.7 Sequence analysis 201 

The QIIME2 (Bolyen et al., 2019) environment was used to process bacterial 16S rRNA gene 202 

sequencing and fungal ITS sequencing data. For the 16S rRNA gene data, paired-end reads 203 

were trimmed, quality filtered, and merged into amplicon sequence variants (ASVs) using 204 

DADA2 (Callahan et al., 2016). Taxonomy was assigned using a naive-Bayes classifier pre-205 

trained on full-length 16S rRNA gene 99% OTU reference sequenced based on the SILVA SSU 206 

database (release 138). For the ITS gene data, single-end forward reads were trimmed and 207 

quality-filtered into amplicon sequence variants (ASVs) using DADA2. Taxonomy was assigned 208 

using a naive-Bayes classifier pre-trained on full-length eukaryotic nuclear ribosomal ITS gene 209 

99% OTU reference sequenced based on the UNITE database (Version 8.0 2020-04-02). 210 

 211 

2.8 Microbiome and statistical analysis 212 

Data was imported into RStudio (Version 2023.03.1+446) running R (version 4.2.3), using the 213 

qiime2R package (v0.99) and analyzed using the phyloseq package (Bisanz, 2018; Davis et al., 214 

2018; McMurdie and Holmes, 2013). ASVs were manually removed from sample data if they i) 215 

were identified as contaminants within the negative controls ii) were not identified at the 216 

phylum or genus level, iii) were determined to be eukaryotic, archaeal, mitochondria, or 217 

chloroplasts sequences, or iv) were an ASV below a 5% prevalence threshold. The ggplot2 218 

and gplots packages were used to build plots (Galili et al., 2020; Wickham, 2016). The vegan 219 

package (version 2.6-5.0) was used to analyze microbial alpha diversity with the Shannon index 220 

and beta diversity via the weighted UniFrac metric (Oksanen et al., 2020). Differences in 221 

microbial beta diversity between groups were evaluated with type-2 permutation ANOVA (type-2 222 

PERMANOVA). The MaAsLin2 package was used to analyze the differential relative abundance 223 

of specific taxa between various sample groups (Mallick et al., 2021). Further statistical 224 

analyses were conducted in R Studio running R.  225 

 226 

2.9 Whole-genome assembly and taxonomy assignment  227 

Whole-genome Illumina sequencing reads were processed and assembled as previously 228 

described (Salamzade et al., 2023a). Briefly, sequencing reads were processed for adapters 229 

using TrimGalore (v0.6.5)(Krueger et al., 2023), and trailing poly G-tail artifacts were trimmed 230 

using fastp (v0.21.0)(S. Chen et al., 2018). Next, genomic assembly was performed using 231 

Unicycler (v0.4.6) with default settings (Wick et al., 2017). Bacterial genomes were 232 

taxonomically classified using GTDB-tk (v2.1.1) with GTDB release 207 (Chaumeil et al., 2020; 233 

Parks et al., 2022) (Supplementary Table S1). Genomes were further assessed for 234 

completeness and contamination using CheckM2 (Chklovski et al., 2023) (Supplementary 235 

Table S1). To assess the number of distinct novel Corynebacterium species, FastANI (Jain et 236 

al., 2018) was used to estimate the average nucleotide identity (ANI) between pairs of genomes 237 

lacking a species-level designation by GTDB-tk. Single-linkage clustering was used to group 238 

isolates into three unique species clusters based on pairs exhibiting >95% ANI (Olm et al., 239 
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2020). FastANI was further used to validate that these novel Corynebacterium species had < 240 

95% ANI to genomes in the Skin Microbial Genome Collection, which was recently released and 241 

reported the discovery of multiple novel Corynebacterium species (Saheb Kashaf et al., 2021). 242 

To understand the phylogenetic placement of novel Corynebacterium species within the genus, 243 

a phylogenomic model was constructed of the Corynebacterium genomes in this study and 244 

representative genomes for the genus based on 95% ANI dereplication, as described previously 245 

(Olm et al., 2017; Salamzade et al., 2022). Phylogenomics was performed using GToTree with 246 

single copy core gene sets for Actinomycetota (Lee, 2019). The resulting phylogeny was 247 

visualized using iTol (Letunic and Bork, 2019). 248 

 249 

2.10 Identification and analysis of biosynthetic gene clusters  250 

The web-interface for antiSMASH (v7.0.0) (Blin et al., 2023) was used for the identification of 251 

BGCs in each isolate’s genome using the “relaxed” mode with all extra features or analyses 252 

requested. BiG-SCAPE (v1.1.5) (Navarro-Muñoz et al., 2020) was nextrun with the options “--253 

mibig --mix --include_singletons” to group BGCs across the genomes into gene cluster families 254 

(GCFs). To investigate the novelty of BGCs from newly discovered species, the BiG-FAM 255 

webserver (Kautsar et al., 2021) was used.  256 

 257 

2.11 Data availability 258 

Sequence reads for this project can be found under NCBI BioProject PRJNA1055114. Code for 259 

analysis and generation of figures can be found on GitHub at https://github.com/Kalan-260 

Lab/DeLaCruz_Townsend_etal_PorcineSkinMicrobiome  261 

 262 

 263 

3. Results 264 

3.1 The porcine skin and fecal fungal mycobiome  265 

To assess the porcine mycobiome, swabs of skin and fecal microbial communities underwent 266 

high-throughput sequencing of the fungal internal transcribed spacer (ITS1) of the fungal 267 

ribosomal RNA cistron. Across skin and fecal communities, Basidomycota and Ascomycota 268 

were the most abundant phyla (Fig. 1A). Cutaneotrichosporon was the most abundant genera 269 

on dorsal skin from one porcine subject while Apiotrichum was the most abundant genera in a 270 

second animal (Fig 1B). Aureobasidium and Fusarium were the most abundant on the ventral 271 

skin communities of pigs 1 and 2, respectively. Trichosporon and Torulaspora dominated fecal 272 

communities in porcine subjects. The differential relative abundance of fungal taxa was 273 

evaluated via MAASLIN2 (Mallick et al., 2021). Notably, Ascomycota was significantly more 274 

abundant in the fecal communities of pig 2 (FDR corrected p-value < 0.2, Fig. S2A), 275 

demonstrating inter-individual variability of the porcine mycobiome.  276 

 277 

Weighted UniFrac beta diversity was utilized to evaluate the compositional similarity of the 278 

porcine skin and fecal communities. This revealed that the dorsal skin, ventral skin, and fecal 279 

fungal communities are significantly distinct from one another (p-value < 0.05, type-2 280 

Permutation ANOVA, Fig. 1C). Combined dorsal and ventral skin versus fecal fungal community 281 

compositions were also significantly different from one another (p-value < 0.01, type-2 282 

PERMANOVA, Fig. 1C). Diversity of fungal taxa within each sample (alpha diversity) was 283 

evaluated with the Shannon index. There were no significant differences in fungal taxa alpha 284 

diversity between the subjects or across the skin and fecal sites (all p > 0.05, Mann-Whitney t-285 

test. Fig. 1D). Collectively, these findings suggest that fungal communities within porcine feces 286 

and on porcine skin are more similar than their respective bacterial communities (discussed 287 

below).   288 

 289 

3.2 Porcine skin sites and feces have distinct bacterial communities. 290 
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To evaluate bacterial microbial communities on porcine skin and in feces, samples underwent 291 

high-throughput sequencing of the V3-V4 region of the bacterial 16S rRNA gene. Overall, the 292 

most abundant phylum across both skin and fecal samples was Bacillota (Fig. 1E). Compared 293 

to skin microbial communities, phyla unique to the fecal microbiome include Desulfobacteriota, 294 

Elusimicrobiota, Fusobacteriota, and Verrucomicrobiota. Candidate Phyla Radiation was unique 295 

to the skin sampling sites. Skin microbial communities were dominated by taxa within the 296 

Streptococcus and Aerococcus genera (Fig. 1F). The dominant genera within fecal communities 297 

differed by pig, with Aerococcus and UCG dominating the communities of one animal.  Within 298 

these communities, dorsal skin had greater abundance of taxa within the Actinobacteriota phyla, 299 

Clostridia UCG-014, and Moraxella genera compared to ventral skin (FDR corrected p-value < 300 

0.3, Fig. S2B-D). More detail on the differential abundances of skin and fecal taxa between 301 

each pig can be found in Supplemental Figure S2E-I.  302 

 303 

The similarity of the porcine skin and fecal microbial communities was evaluated using the 304 

weighted UniFrac beta diversity metric. Fecal microbial communities were similar between 305 

porcine subjects, with Aerococcus and UCG in the highest relative abundance (Fig. 1F-G). 306 

Overall, bacterial community compositions of skin sites are distinct from fecal communities (p-307 

value < 0.001, type-2 PERMANOVA, Fig. 1G) and bacterial communities between skin sites are 308 

also distinct from one another (p-value < 0.001, type-2 PERMANOVA, Fig. 1G).  309 

 310 

Significant differences in the Shannon alpha diversity of samples between animals and across 311 

samples from the dorsal skin, ventral skin, or feces were observed (Fig. 1H). Bacterial diversity 312 

differed between animals, where pig 1 had lower alpha diversity than pig 2 for both the ventral 313 

skin site and fecal samples. Bacterial communities were also more diverse than fungal 314 

communities across skin sites and feces (16S v. ITS Shannon alpha diversity 4.15 ± 0.35 v. 315 

1.65 ± 0.86 on dorsal skin, p-value  < 0.01; 3.97 ± 0.75 v. 2.07 ± 0.97 on ventral skin, p-value < 316 

0.01; 4.67 ± 0.42 v 2.08± 0.71, p-value < 0.05 in fecal communities. Wilcoxon matched-pairs 317 

single rank tests).  318 

 319 

3.3 Bacteria isolated from porcine skin inhibit bacterial and fungal pathogens in vitro. 320 

To evaluate potential fungal-bacterial interactions occurring within the porcine skin microbiome 321 

we obtained representative bacterial isolates from the porcine skin microbiome using culture-322 

based methods. Swabs were collected from the nares, dorsal, inguinal, oral, axilla, and ventral 323 

body sites for each porcine subject. Each swab was processed by culturing on multiple types of 324 

media to select for the highest phylogenetic diversity (see methods). Bacterial isolates were 325 

identified through Sanger sequencing of the full-length 16S rRNA gene. The majority of taxa 326 

isolated across all six sampled sites were within the Actinobacteriota (Fig. 2A). Species within 327 

the Corynebacterium genera were the most frequently isolated from the nare, inguinal, axilla, 328 

and ventral body sites, while Rothia species were most frequently isolated from dorsal skin, and 329 

Kocuria species were the most frequently isolated from oral samples (Fig. 2B).  330 

 331 

A direct coculture bioassay was then employed to evaluate the ability of skin-associated 332 

bacteria to inhibit the growth of known pathogens, including phylogenetically diverse fungal 333 

pathogens (Fig. S1). We found that out of the 22 pathogens evaluated, fungal pathogens, 334 

including Cryptococcus neoformans, Aspergillus flavus, Candida albicans, Candida spp., and 335 

Trichosporon asahii were more frequently inhibited by isolates from porcine skin (Fig. 2C). The 336 

six bacterial pathogens that were most often inhibited by these isolates were Nocardia 337 

corynebacteroides, Mycobacterium smegmatis, Enterococcus faecalis, Micrococcus luteus, and 338 

Staphylococcus epidermidis (Fig. 2C). Overall, skin isolates within the genera, Viridibacillus, 339 

Rothia, Corynebacterium, and Kocuria, were responsible for the strongest inhibition of 340 

pathogens (Fig. 2C). Fractional inhibition values were calculated to provide standardized values 341 
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to compare the overall antifungal and antibacterial activities of each isolate. A score of zero 342 

indicates the pathogens in the group were not inhibited in the presence of the isolated bacteria 343 

and a score of one indicates complete inhibition of all pathogens in that pathogen group. All 344 

bacteria isolated from the porcine microbiome, except for taxa within the Paenibacillus genera, 345 

displayed stronger inhibition of fungal pathogens compared to Gram-positive and Gram-346 

negative bacterial pathogens (Fig. 2D). Details of the fractional inhibition values of each isolate 347 

are provided in Supplemental Table 2. Collectively, our findings exemplify that bacteria from 348 

the porcine skin can prevent the growth of bacterial and particularly fungal pathogens, which 349 

may mirror the bacterial-bacterial and bacterial-fungal interactions that routinely occur to 350 

maintain homeostasis of the skin microbial community, hallmarked by low fungal diversity. 351 

 352 

3.4 Cultivation of bacterial isolates and genomics-based characterization of their biosynthetic 353 

potential uncovers novel species and BGCs. 354 

To explore the potential mechanisms bacteria utilize to inhibit fungi, we sequenced 25 bacterial 355 

isolates with strong antimicrobial activity from six different porcine body sites and characterized 356 

their biosynthetic gene clusters (BGCs). Each isolate genome was taxonomically classified 357 

using GTDB. From the 25 isolates that were sequenced and taxonomically classified, 14 (56%) 358 

were determined to belong to one of four novel species, including three distinct species of 359 

Corynebacterium (Fig. 3). Investigations of the placement of these novel species within the 360 

genus of Corynebacterium using phylogenomics, revealed that two of the species, indicated in 361 

blue (species 1) and green (species 2) in figure 3, were very closely related genetically (Tables 362 

S1 & S2). Using bioassay profiles in combination with genetic similarity estimates, we 363 

determined that our 25 isolates represented 19 unique strains (Fig. 4A, Tables S1 & S2). Of 364 

these, 10 were Corynebacterium, three were Kocuria, two were Rothia, and the remaining four 365 

were singletons belonging to the genera of Micrococcus, Viridibacillus, Paenibacillus, and 366 

Staphylococcus (Fig. 4A). Most of the isolates were obtained from the dorsal and ventral body 367 

sites. Analysis of the BGCs found within the genomes of these isolates revealed higher BGC 368 

diversity on the dorsal region with 34 different gene cluster families (GCFs). This finding is likely 369 

attributed to the greatest number of distinct genera being cultivated from the site (Fig. 4A-B, Fig 370 

S3, Table S3). Collectively, these findings indicate that the porcine skin microbial communities 371 

contain diverse BGCs across different body sites.  372 

 373 

Next, we examined whether BGCs belonging to the four newly discovered species were novel in 374 

comparison to previously cataloged BGCs within BiG-FAM, a database of known BGCs (Table 375 

S3). The Paenibacillus glucanolyticus isolate demonstrated strong antagonism towards fungal 376 

pathogens, including C. albicans and A. flavus, as well as gram-positive bacterial pathogens 377 

(Fig. 2C, Table S2). This isolate’s genome featured 15 BGCs, the greatest number of BGCs of 378 

the 25 isolates (Fig. S3, Table S3). Comparative analysis of BGC predictions with BiG-FAM 379 

further revealed that the genome encoded six BGCs with substantial differences from known 380 

GCFs. Isolates belonging to two of the novel Corynebacterium species, sp. 1 and sp. 2, 381 

encoded two BGCs each, both multi-type BGCs. One BGC region was composed of a non-382 

alpha poly-amino acids (NAPAA) and terpene synthesis components while the other BGC 383 

region was predicted to encode type 1 polyketide synthase (PKS) and prodigiosin-associated 384 

genes. Both BGC types were highly distinct from previously cataloged GCFs. The third novel 385 

Corynebacterium species, sp. 3, genome encoded four BGCs. One of these BGCs included a 386 

type 1 polyketide synthase, determined to be distinct from known GCFs. The single, novel 387 

Rothia species also encoded four BGCs within its genome, with only one determined to be 388 

distinct from known GCFs. This particular BGC was detected due to the presence of a 389 

ribosomally-synthesized and post-translationally modified peptide [RiPP] recognition element. 390 

Further investigations into these BGCs that are distinct from known GCFs may uncover novel 391 

mechanisms these bacteria utilize to inhibit bacteria and fungi in their surrounding community.   392 
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 393 

 394 

4. Discussion 395 

Antimicrobial-resistant infections, particularly those due to antimicrobial-resistant fungi, are on 396 

the rise globally (Hendrickson et al., 2019). Human and animal microbiomes are known to 397 

provide colonization resistance to potential pathogens, although these mechanisms are largely 398 

still under investigation. Characterizing the microbe-microbe interactions that naturally occur 399 

within complex microbial communities to maintain community balance is one avenue to identify 400 

new antimicrobials. Here, we explored porcine microbiomes for potential antagonistic bacterial-401 

bacterial and bacterial-fungal interactions. Within this work we; i) characterized the bacterial and 402 

fungal biomes of porcine skin and feces; ii) screened for bacteria that inhibit the growth of 403 

important human pathogens; iii) cultivated and identified four novel species within the 404 

Corynebacterium and Rothia genera with antifungal activity; and iv) identified uncharacterized 405 

BGCs that may contribute to these antimicrobial properties. To our knowledge, we are the first 406 

to characterize porcine skin fungal communities as well as the first to interrogate the microbial-407 

microbial interactions within these communities. These findings demonstrate how unraveling 408 

naturally occurring bacterial-fungal interactions within porcine microbial communities could lead 409 

to the discovery of new antimicrobials.  410 

 411 

Characterizing fungi from diverse animal-associated environments, including the skin, is still a 412 

relatively young pursuit (Tiew et al., 2020). We found that fungal communities were less diverse 413 

than their corresponding bacterial communities (Fig. 1D,H). The porcine skin mycobiome was 414 

dominated by taxa within the Basidomycota and Ascomycota phyla and in the 415 

Cutaneotrichosporon, Apiotrichum and Fusarium genera (Fig. 1A-B). Of all the fungal taxa 416 

identified, only Malassezia, Aspergillus, and Candida appeared to be to be shared with known 417 

human skin communities (Findley et al., 2013; Nguyen and Kalan, 2022). It’s possible that this 418 

comparatively low fungal alpha diversity (Fig. 1D), greater inter-animal variability (Fig. 1A-C), 419 

and lower abundance of human associated fungal pathogens (e.g Candida species; Fig. 1B), 420 

are partially due to antifungal molecules produced by the bacteria within the porcine microbiome 421 

(Fig. 2C-D, Fig. 4). Porcine fungal communities are also more similar to those of other 422 

mammals, including canines and non-human primates (Fedullo et al., 2013; Meason-Smith et 423 

al., 2015). For instance, canine skin communities largely contain Alternaria, Cladosporium, and 424 

Epicoccum fungi, all of which were similarly identified in our porcine subjects (Fig. 1A-B) 425 

(Meason-Smith et al., 2015).  426 

 427 

Consistent with previous works characterizing porcine skin microbial communities (Wareham-428 

Mathiassen et al., 2023; Wei et al., 2023), bacterial communities are dominated by taxa within 429 

the Bacillota phyla and Aerococcus and Streptococcus genera (Fig. 1E-F). Other shared 430 

prominent skin taxa include Prevotella and Lactobacillus (Fig. 1E-F) (Wei et al., 2023). At the 431 

genera level, these communities also share key similarities to human skin microbial 432 

communities (Byrd et al., 2018; Townsend and Kalan, 2023; Wareham-Mathiassen et al., 2023). 433 

As much as 97% of taxa found on pig skin are also found on humans (Wareham-Mathiassen et 434 

al., 2023), with both skin communities containing significant proportions of Corynebacterium, 435 

Streptococcus, Micrococcus, Staphylococcus (Fig. 1E-F). However, one notable difference is 436 

the absence of Cutibacterium (formerly Propionibacterium) on porcine skin (Fig. 1E-F). The 437 

structural and functional similarities between porcine and human skin have long made porcine 438 

skin a valuable model for cutaneous and wound healing research (Seaton et al., 2015). 439 

Collectively, the microbiome similarities reinforced here and by others (Summerfield et al., 2015; 440 

Wareham-Mathiassen et al., 2023), further underscore how porcine skin microbial communities 441 

may provide translatable insight into the features that protect humans from pathogens.  442 

 443 
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Corynebacterium species are ubiquitous in the environment (Oliveira et al., 2017) and are 444 

frequently found on the skin, nasal, and oral cavity of humans (Esberg et al., 2020; Jensen et 445 

al., 2023; Stubbendieck et al., 2019; Townsend and Kalan, 2023) and other mammals 446 

(Frischmann et al., 2012; Tang et al., 2020; Wei et al., 2023). Their presence on human and 447 

mammalian skin is generally regarded as beneficial and rarely associated with disease (Ahmed 448 

et al., 2023; Y. E. Chen et al., 2018; Salamzade et al., 2023b; Swaney et al., 2022; Tang et al., 449 

2020; Wei et al., 2023). Here, we successfully cultured and identified 12 closely related isolates 450 

that belong to three novel Corynebacterium species (Fig. 3). In tandem with previous 451 

investigations into the porcine skin microbiome (Wei et al., 2023), isolation of these novel taxa 452 

reinforces that Corynebacterium are common mammalian skin commensals. Although there are 453 

striking similarities between porcine and human skin microbiota at the genus level, these 454 

findings also highlight that at the species level porcine and human skin microbial ecosystems 455 

are likely distinct (Wei et al., 2023). There is growing interest in understanding the mechanisms 456 

Corynebacterium utilize to inhibit potential pathogens and modulate local microbial 457 

communities. Recent works have reported C. accolens, C. pseudodiphtheriticum and other 458 

Corynebacterium species to inhibit and shift Staphylococcus aureus, including methicillin-459 

resistant S. aureus (MRSA), into a less virulent state (Hardy et al., 2019; Huang et al., 2022; 460 

Menberu et al., 2021; Ramsey et al., 2016; Stubbendieck et al., 2019). In line with these reports 461 

several of our Corynebacterium isolates, particularly LK2580, LK2599, and LK2632 display 462 

strong inhibition of both S. aureus or S. epidermidis (Fig. 2, Table S2). Isolates from 463 

Corynebacterium novel species 1, LK2521 and LK2567 also displayed moderately strong 464 

inhibition of S. aureus.  465 

 466 

Several Corynebacterium isolates also strongly inhibited of multiple fungal pathogens in vitro 467 

(Fig 2, Table S2). This includes, C. phoceense (LK2538), C. camporealensis (LK2640), and 468 

several Corynebacterium novel species (e.g. LK2521, LK2567, LK2582). Previous work has 469 

found C. amycolatum, a common human commensal to inhibit the growth and biofilm formation 470 

of Candida species, including C. albicans (Gladysheva et al., 2023). Corynebacterium species 471 

from the Gulf of Mannar were also noted to inhibit plant pathogens Aspergillus niger and 472 

Alternaria alternata (Dhinakaran et al., 2012). Corynebacterium xerosis, has also been noted to 473 

display antagonistic activity against Candida albicans as well as Escherichia coli (El-Banna, 474 

2006). C. xerosis (LK2569) isolated from one of our porcine subjects similarly displayed slight 475 

inhibition of Candida spp. and strong inhibition of Cryptococcus neoformans. Collectively, these 476 

antagonistic interactions highlight how Corynebacterium may serve as a reservoir of novel 477 

antifungals. Select isolates with antimicrobial activity were evaluated via whole genome 478 

sequencing (Fig. 4 and S3). Corynebacterium isolates either contained non-alpha poly-amino 479 

acids (NAPAA), Type I PKS, or terpene BGCs. These types of molecules have a range of 480 

bioactivities (Esmaeel et al., 2018; Ishaque et al., 2020; Kallscheuer et al., 2019)1/12/2024 481 

6:52:00 AM. These molecules play critical roles in modulating microbial communities through 482 

facilitating quorum-sensing and microbe-microbe communications, sequestering nutrients, or 483 

directly inhibiting the growth of neighboring bacteria or fungi.  484 

 485 

Rothia are prevalent members of the upper airway, oral, gut, and skin microbiota in pigs and 486 

humans (Akomoneh et al., 2023; Oliveira et al., 2022; Strube et al., 2018; Stubbendieck et al., 487 

2023).We successfully isolated Rothia sp002418375 as well as a novel Rothia species (Table 488 

S1). Both isolates displayed strong inhibition of fungal pathogens in vitro, with Rothia novel 489 

species 1 (LK2588) displaying strong inhibition against Cryptococcus neoformans and Candida 490 

albicans and Rothia sp002418375 (LK4492) showing significant inhibition of nearly all the fungi 491 

within the pathogen panel (Fig. 2, Table S2). Multiple sources have reported Rothia isolates to 492 

encode diverse BGCs (e.g. non-ribosomal peptide synthases [NRPSs], polyketidesynthases 493 

[PKSs], and  ribosomally-synthesized and post-translationally modified peptides [RiPPs]) ,which 494 
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can produce antibiotic peptides siderophores and other secondary metabolites capable of 495 

modulating the microbiome (Akomoneh et al., 2023; Oliveira et al., 2022). In line with these 496 

findings, the porcine skin associated Rothia isolates contain multiple BGCs including RIPPs, 497 

NAPAA, and terpenes (Fig. S3).  498 

 499 

We also found Paenibacillus glucanolyticus (LK2561) isolated from the dorsal porcine skin to 500 

display significant inhibition of several fungal and gram-positive bacterial pathogens (Fig. 2, 501 

Table S2). This P. glucanolyticus encoded 15 distinct BGC’s (Fig. S3), consistent with previous 502 

reports of other Paenibacillus species encoding diverse BGCs (Lebedeva et al., 2021). One 503 

notable BGC identified was an 82 kB trans-acyltransferase polyketide synthase (trans-AT PKS). 504 

Trans-AT PKSs are involved in the biosynthesis of natural products (Helfrich and Piel, 2016), 505 

which can hold antifungal properties (Matilla et al., 2015). Collectively, the BGCs identified 506 

within Paenibicillus, Rothia, Corynebacterium, highlighted above, as well as those within several 507 

other isolated bacteria (Fig. 4, S3) underscore the potential breadth of bacterially produced 508 

molecules to inhibit the colonization and overgrowth of fungi within these communities (Fig. 2C-509 

D). 510 

 511 

Limitations of this study include a small number of animals from a single research center, 512 

limiting the determination of variability between multiple animals and body site variability. Swine, 513 

like all animals, regularly acquire transient microbes from their environment and there is always 514 

a possibility that a microbe isolated via culture or detected via DNA sequencing is a transient 515 

member of the microbiome. Finally, the bioassays are also intentionally designed to screen for 516 

interactions in a pairwise manner under in vitro settings. Future works will aim to validate these 517 

antagonistic interactions in more complex environments mimicking the skin microbiome diversity 518 

and ecosystem.  519 

 520 

Fungal infections represent a silent epidemic, often going undiagnosed, leading to poor quality 521 

data and estimates of true burden. More, a lack in the supply of effective antifungals is not 522 

confined to the healthcare space. Fungal plant pathogens threaten the agriculture industry and 523 

entire ecosystems. The discovery of novel species of bacteria producing antifungal molecules in 524 

a common and well-studied animal such as the domestic pig is exciting and suggests there is 525 

much more biological and chemical diversity left to discover. Given the similarity in skin 526 

physiology, architecture, and microbiome of pigs and humans, this work provides the foundation 527 

for the discovery of new and safe antimicrobial therapeutics selected for by a mammalian host 528 

while addressing fundamental gaps in our understanding of how bacteria and fungi interact.  529 

 530 
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Figure Legends 871 

Figure 1. Fungal and bacterial community compositions on porcine skin and feces. 872 

Swabs of from dorsal and ventral skin sites as well as feces underwent high-throughput 873 

sequencing of the bacterial 16S ribosomal RNA gene and fungal ITS1 region. A-B: Relative 874 

abundances plots for skin and fecal mycobiomes at the phyla and genera level respectively. 875 

Bolded fungal names indicate taxa present in the greatest relative abundance at the skin or 876 

fecal sites for one of the animals. C: A weighted UniFrac beta diversity PCoA plot demonstrating 877 

the similarity of skin and fecal fungal community compositions. Groups compared via type-2 878 

PERMANOVAs. D: Fungal community Shannon alpha diversity for each pig at each of the sites. 879 

E-F: Relative abundance plots for skin and decal microbiomes at the phyla and genera level 880 

respectively. Bolded bacterial names indicate taxa present in the greatest relative abundance at 881 

the skin or fecal sites for one of the animals.  G: PCoA plot for the weighted UniFrac beta 882 

diversity of skin and fecal bacterial communities. Groups compared via type-2 PERMANOVAs. 883 

H: Bacterial community Shannon alpha diversity within the dorsal, ventral, and fecal 884 

communities.  885 

 886 

Figure 2. Bacteria isolated from porcine skin inhibit the growth of human pathogens. 887 

Bacteria were cultured and isolated from six porcine skin sites, including the skin surrounding 888 

the nares, oral, axilla, dorsal, ventral, and inguinal regions. All isolated bacteria were identified 889 

via Sanger Sequencing of the full length bacterial 16S rRNA gene. A: displays the relative 890 

frequency each taxa was isolated from each body site. The bolded genus indicates the genera 891 

isolated the most frequently. B: The total number of isolates, colored by genera, collected from 892 

each body site. The colors for each genera in plot A are the same for plot B. C: Isolated bacteria 893 

were evaluated for anti-microbial activity against a panel of human pathogens. Supplemental 894 

Figure S1 details the methods for this assessment. This heat map details the inhibition scores 895 

for each isolate against the panel of pathogens. A score of 0 indicates that the isolate did not 896 

display antimicrobial activity, the pathogen had uninterrupted growth; 1 indicates slowed growth 897 

of the pathogen; 2 indicates the isolate significantly inhibited, but did not fully eliminate 898 

pathogen growth (eg. ring or small growth around inoculation spot); and a score of 3 denotes 899 

complete inhibition of pathogen growth. Isolates that underwent further evaluation with whole 900 

genome sequencing are indicated on the right-hand side of the heat map. D: A fractional 901 

inhibition was calculated on each of the isolates to generate a normalized score between zero 902 

and one for each group of pathogens (fungi, gram positive bacteria, gram negative bacteria). 903 

Zero indicates the bacterial isolate did not inhibit any of the pathogens in the group. One 904 

indicates complete inhibition of all pathogens in that pathogen group. Details on the fractional 905 

inhibition scores from each of the isolates tested are in Supplemental Table S2.  906 

 907 

Figure 3. Three novel species of Corynebacterium were isolated from the porcine skin. 908 

Genomic DNA from the isolates were taxonomically assigned using GTDBk and GTDB vR207. 909 

The tree was created using iTOL to show the relatedness of known species of Corynebacterium 910 

against the ones that we isolated from the porcine skin. Three novel species of 911 

Corynebacterium were identified and are indicated in blue, green, and purple respectively.    912 

 913 

Figure 4. Bacterial isolates from porcine skin encode diverse biosynthetic gene clusters 914 

(BGCs). A: Number of isolates from each body site what underwent whole genome sequencing 915 

for evaluation of their biosynthetic gene clusters. Body sites grouped by whether they are 916 

considered moist or dry sites. Color indicates genera of the isolate. B: BGCs within isolate 917 

genomes were identified via antiSMASH v7.0. Diagrams illustrate the relative frequencies of 918 

types of BGCs found at each respective body site. Details for the BGCs within each individual 919 

isolate are displayed in Supplemental Figure S3 and Supplementary Table S3.  920 
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 921 

Supplemental Figure Legends 922 

Supplemental Figure S1. Bioassay protocol and scoring examples. A: Visual depiction of 923 

the bioassay protocol utilized to evaluate the antimicrobial activity of isolates against a panel of 924 

human pathogens. B: Example of a well with a score of zero, indicating that the isolate did not 925 

inhibit pathogen growth. C: Example of a well with a score of one, denoting that the isolate 926 

slowed pathogen growth. D: Example of a well with a score of two, marking significantly 927 

reduced pathogen growth. E: Example of a well with an inhibition score of three, indicating 928 

complete inhibition of pathogen growth. 929 

 930 

Supplemental Figure S2. Differential abundance of the fungi and bacteria on the porcine 931 

skin. Differential relative abundance of fungal and bacterial taxa between porcine subjects or 932 

across skin sites was evaluated with MaAsLin2. For all plots, the false discovery rate (FDR) 933 

corrected p-value with the Benjamini-Hochberg correction as well as the coefficient quantifying 934 

the difference in the relative abundance between the groups are indicated. A: Ascomycota are 935 

significantly more abundant in the fecal fungal communities of porcine subject. B-D: Differential 936 

relative abundance of bacterial taxa at the genera (B-C) and phyla level (D) between the dorsal 937 

and ventral skin sites. E-G: Differential relative abundance of bacterial taxa within fecal 938 

communities at the genera (E-F) and phyla level (G) between each of the animals. H-I: 939 

Differential relative abundance of bacterial taxa within skin microbial communities at the genera 940 

(E-F) and phyla level (G) between each of the animals. 941 

 942 

Supplemental Figure S3. Bacteria isolated from porcine skin encode for diverse 943 

biosynthetic gene clusters (BGCs) discovered bacteria isolated found on the porcine 944 

skin. Plot displaying the number of each BGC type within each individual isolate.  945 

 946 

Supplemental Table Legends  947 

Supplemental Table S1: Taxonomic classifications of bacterial isolates from pig skin 948 

identified via whole genome sequencing.  949 

 950 

Supplemental Table S2. Fractional Inhibition by individual isolates from the porcine skin. 951 

Fractional inhibition was calculated for each isolate to create a normalized score from zero to 952 

one for each pathogen group. Zero indicates no inhibition was dedicated within the specified 953 

pathogen group. One means complete inhibition against all pathogens in the specified group.  954 

 955 

Supplemental Table S3: Biosynthetic gene clusters (BGCs) within bacteria isolated from 956 

porcine skin. The bacterial isolate, body site the bacteria was isolated from, BGC, product 957 

predicted to be produced are indicated.  958 

 959 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2024. ; https://doi.org/10.1101/2024.01.12.574414doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.12.574414
http://creativecommons.org/licenses/by/4.0/


Dorsal Ventral Fecal

Pig 1 Pig 2 Pig 1Pig 2 Pig 1Pig 2

0.00

0.25

0.50

0.75

1.00

R
e
la

ti
ve

 A
b
u
n
d
a
n
c
e

Phylum

Other
unidentified
Ascomycota
Basidiomycota

Chytridiomycota
Mortierellomycota
Mucoromycota

A B

Dorsal Ventral Fecal Dorsal Ventral Fecal
F

Dorsal Ventral Fecal

Pig 1Pig 2 Pig 1 Pig 2 Pig 1 Pig 2

0.00

0.25

0.50

0.75

1.00

R
e
la

ti
ve

 A
b
u
n
d
a
n
c
e

Genus
Other
unidentified

Alternaria
Aspergillus
Aureobasidium
Bipolaris
Candida
Cephaliophora
Cladosporium
Cleistothelebolus
Coniothyrium
Debaryomyces
Dipodascus
Epicoccum
Fusarium
Hypomyces
Kazachstania
Lectera
Meyerozyma
Neodevriesia
Neosetophoma
Nigrospora
Ophiosphaerella
Paraphaeosphaeria

Penicillium
Saccharomyces
Sarocladium
Sclerotinia
Talaromyces
Torulaspora
Trichoderma
Verrucocladosporium
Wickerhamiella
Wickerhamomyces
Xeromyces

Apiotrichum
Cerrena
Cryptococcus
Cutaneotrichosporon
Hannaella
Holtermanniella
Lycoperdon
Malassezia
Naganishia
Rigidoporus
Saitozyma
Sistotrema
Sterigmatomyces

Trichosporon
Vishniacozyma
Wallemia

Mortierella

Ascomycota

Basidiomycota

Mortierellomycota

0

1

2

3

Dorsal Ventral Fecal

Swab Type

T
o
ta

l 
C

o
m

m
u
n
it
y

S
h
a
n
n
o
n
 A

lp
h
a
 D

iv
e
rs

it
y

Animal: Pig 1 Pig 2

D

C

3

4

5

Dorsal Ventral Fecal
T
o
ta

l 
C

o
m

m
u
n
it
y

S
h

a
n
n
o
n
 A

lp
h
a
 D

iv
e
rs

it
y

−0.1

0.0

0.1

−0.3 −0.2 −0.1 0.0 0.1 0.2

Axis.1   [53.4%]

A
x
is

.2
  
 [
2
0
.8

%
]

Swab Type

Animal: Pig 1 Pig 2

H

G

−0.2
−0.1
0.0

0.1

0.2

−0.4 −0.2 0.0 0.2

Axis.1   [35.8%]

A
x
is

.2
  
 [
2
6
.4

%
]

Animal: Pig 1 Pig 2

Swab Type: Dorsal Ventral Fecal

Animal: Pig 1 Pig 2

Swab Type: Dorsal Ventral Fecal

Pig 1Pig 2 Pig 1 Pig 2 Pig 1Pig 2

0.00

0.25

0.50

0.75

1.00

R
e
la

ti
ve

 A
b
u
n
d
a
n
c
e

Phylum
Other
Actinobacteriota
Bacteroidota
Campilobacterota
Desulfobacterota
Elusimicrobiota
Bacillota
Fusobacteriota
Candidate Phyla Radiation
Pseudomonadota
Spirochaetota
Verrucomicrobiota

E

Actinobacteriota Bacteroidota

Campilobacterota

Desulfobacterota

Elusimicrobiota

Bacillota

Fusobacteriota

Candidate Phyla Radiation

Pseudomonadota

Spirochaetota

Verrucomicrobiota

Pig 1Pig 2 Pig 1 Pig 2 Pig 1Pig 2

0.00

0.25

0.50

0.75

1.00

R
e
la

ti
ve

 A
b
u
n
d
a
n
c
e

Genus

Other
uncultured

Bifidobacterium
Brachybacterium
Collinsella
Corynebacterium
Dermabacter
Enterorhabdus
Kocuria
Micrococcus

Olsenella
Rothia

Alistipes
Alloprevotella
Bacteroides
Chryseobacterium
dgA−11 gut group
Empedobacter
Muribaculaceae
Parabacteroides

Porphyromonas
Prevotella
Prevotellaceae NK3B31 group
Prevotellaceae UCG−001
Prevotellaceae UCG−003
Rikenellaceae RC9 gut group

Arcobacter
Campylobacter

Desulfovibrio

Elusimicrobium

Eubacterium
Ruminococcus
Acidaminococcus
Aerococcus
Anaerococcus
Anaerovibrio
Bacillus
Candidatus Soleaferrea
Christensenellaceae R−7 group
Clostridia UCG−014
Clostridia vadinBB60 group
Clostridium sensu stricto 1
Coprococcus
Dialister
Dorea
Enterococcus
Erysipelatoclostridium
Erysipelotrichaceae UCG−009
Facklamia
Faecalicoccus
Family XIII AD3011 group
Fenollaria
Frisingicoccus
Incertae Sedis
Jeotgalibaca

Jeotgalicoccus

Kurthia
Lachnospiraceae group
Lactobacillus
Megasphaera
Mitsuokella
NK4A214 group
Phascolarctobacterium
Romboutsia
Roseburia
Ruminococcus
S5−A14a
Solibacillus
Solobacterium
Staphylococcus
Streptococcus
Terrisporobacter
Trichococcus
Turicibacter
UCG
W5053

Fusobacterium

TM7a

Acinetobacter
Escherichia−Shigella
Lysobacter
Moraxella
Psychrobacter
Succinivibrio

Treponema

WCHB1−41

PERMANOVA 

(Swab Type): 0.01

PERMANOVA 

(Swab Type): 3e-04

PERMANOVA 

(Skin/Fecal): 0.0032

PERMANOVA 

(Skin/Fecal): 1e-04

https://doi.org/10.1101/2024.01.12.574414
http://creativecommons.org/licenses/by/4.0/


C D

A

Genera

Brachybacterium
Corynebacterium
Kocuria

Staphylococcus

Luteococcus
Micrococcus
Rothia

Paenibacillus

Viridibacillus

Acinetobacter
Pseudomonas

Actinobacteriota

Bacillota

Pseudomonadota

Dorsal

Ventral

Nare

Oral Axilla

Inguinal B

0
1

5

10

15

20

25

30

Axilla Dorsal Inguinal Nares Oral Ventral

 N
u
m

b
e
r 

o
f 
Is

o
la

te
s

0.00

0.25

0.50

0.75

1.00

Fungi Gram Positive
Bacteria

Gram Negative
Bacteria

F
ra

ct
io

n
a

l I
n

h
ib

iti
o

n

C
.n

e
o
fo

rm
a
n
s

A
.fla

v
u
s

C
.a

lb
ic

a
n
s

C
a
n
d
id

a
s
p

p
.

S
.a

u
re

u
s

E
.c

o
li

E
.c

lo
a
c
a
e

P
.v

u
lg

a
ris

K
.o

x
y
to

c
a

A
.b

a
u
m

a
n
n
ii

C
.fre

u
n
d
ii

S
.m

a
rc

e
s
c
e
n
s

B
.c

e
re

u
s

P
.a

e
ru

g
in

o
s
a
 P

A
O

1
P

.a
e
ru

g
in

o
s
a
 s

m
l

S
.e

p
id

e
rm

id
is

M
.lu

te
u
s

E
.fa

e
c
a
lis

M
.s

m
e
g
m

a
tis

N
.c

o
ry

n
e
b
a
c
te

ro
id

e
s

B
.s

u
b
tilis

T
.a

s
a
h
ii

LK2561
LK2660
LK2492

LK2602
LK2569

LK2510

LK2545

LK2567
LK2538

LK2625
LK2664
LK2537

LK2570
LK2582
LK2536

LK2521

LK2588

LK2640
LK2598

G
e
n

e
ra

Gram Positive 
Bacteria

Gram Negative 
Bacteria

Fungi
Brachybacterium

Corynebacterium

Kocuria

Luteococcus

Micrococcus

Rothia

Paenibacillus

Staphylococcus

Viridibacillus

Acinetobacter

Pseudomonas

Pathogen

NA

0

1

2

3

Inhibition 
Score

Genera

Actinobacteriota

Bacillota

Pseudomonadota

https://doi.org/10.1101/2024.01.12.574414
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2024. ; https://doi.org/10.1101/2024.01.12.574414doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.12.574414
http://creativecommons.org/licenses/by/4.0/


Dry Moist

DorsalVentral Axilla Inguinal Nare Oral

0

1

2

3

4

5

C
o
u
n
t

Isolate

Rothia (LK2588)

Rothia sp002418375 (LK2492)

Kocuria carniphila (LK2598)

Kocuria carniphila (LK2625)

Kocuria carniphila (LK2660)

Corynebacterium (LK2521)

Corynebacterium (LK2536)

Corynebacterium (LK2537)

Corynebacterium (LK2567)

Corynebacterium (LK2582)

Corynebacterium (LK2602)

Corynebacterium (LK2510)

Corynebacterium phocensee (LK2538)

Corynebacterium xerosis (LK2569)

Corynebacterium camporealensis (LK2540)

Micrococcus endophyticus (LK2664)

Viridibacillus arvi (LK2570) 

Paenibacillus glucanolyticus (LK2561)

Staphylococcus epidermidis (LK2545)

A

Dry Moist

Dorsal Ventral Axilla Inguinal Nares Oral

0.00

0.25

0.50

0.75

1.00

R
e

la
ti
v
e

 F
re

q
u

e
n

c
y

Betalactone

Cyclic-lactone-autoinducer

Ectoine

Lanthipeptide

Linaridin

Metallophore

Multi-type

NAPAA

NRPS

PKS

Proteusin

RiPP-like

Terpene

multi-type (with NRPS & PKS)

betalactone

cyclic-lactone-autoinducer

ectoine

lanthipeptide-class-iii
lanthipeptide-class-v

linaridin

Ni-siderophore

multi-type

opine-like-metallophore

BGC Type

NAPAA

NRPS

NRPS-like
multi-type (with NRPS)

T1PKS

T3PKS
transAT-PKS

multi-type (with PKS)

proteusin

RiPP-like

RRE-containin

terpene

Axilla VentralOral

Nare Dorsal InguinalB

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2024. ; https://doi.org/10.1101/2024.01.12.574414doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.12.574414
http://creativecommons.org/licenses/by/4.0/

